Abstract. Alzheimer's disease affects 27 million individuals and is the most common cause of dementia worldwide. The pathology of Alzheimer's disease is primarily due to the β-amyloid deposits and neurofibrillary tangles. These deposits exist largely in the cerebral blood vessels, but have also been shown to exist in retinal vessels. A new class of cells that were recently identified, known as melanopsin-expressing retinal ganglion cells (mRGCs), are involved in the non-image forming functions of the eye. These functions include circadian activities such as temperature rhythms, melatonin release and rest-activity cycles. Circadian dysfunction has been investigated in many cases of Alzheimer's disease. In this review, we outline the current accepted Alzheimer's disease pathology, the role of mRCGs in optic neuropathies and the role of mRCGs, leading to circadian dysfunction, in Alzheimer's disease.
Introduction
Alzheimer's disease, characterized by β-amyloid deposits and neurofibrillary tangles, is the most common type of dementia in the elderly population. The clinical duration is normally 8-10 years, and mortality often results due to secondary factors, such as pneumonia (1) . When diagnosing the disease, pathologic findings of β-amyloid plaques and neurofibrillary tangles as well as the neuroimaging of gross cerebral cortical atrophy are the standard. The disease begins with memory loss and can include confusion, withdrawal, agitation, hallucinations and lack of judgement (2, 3) .
Previous findings (4, 5) have shown that Alzheimer's disease patients have circadian dysfunction of melatonin, temperature rhythms and rest-activity. Additionally, use of actigraphy, a non-invasive procedure of monitoring rest-activity cycles, has shown an increased intradaily variability, reduced interdaily stability and amplitude of rest-activity rhythm in patients with Alzheimer's disease (6) . The suprachiasmatic nucleus, which is a small region located in the hypothalamus and above the optic chiasm, is responsible for controlling the circadian rhythm. In patients with Alzheimer's disease, there was found to be an increase in neuron loss in the suprachiasmatic nucleus (7) .
The pathology of Alzheimer's disease shows neurodegeneration in the brain, which includes retinal and optic nerve tissues. Tests such as optical coherence tomography confirmed that Alzheimer's disease leads to a decrease in retinal nerve fiber layer thickness. In addition, β-amyloid deposits in the retina of patients with Alzheimer's disease have been reported. Three different studies (8) (9) (10) identified that Alzheimer's disease patients exhibited diffuse, immature and mature β-amyloid deposits in the retinas. Therefore, the pathogenesis of Alzheimer's disease extends beyond cerebral blood vessels and includes the retina (11) .
Newly identified melanopsin-expressing retinal ganglion cells (mRGCs) are photoreceptors that function in maintaining circadian rhythms, regulation of pupil size, sleep, alertness and other non-visual purposes of the eye. These cells comprise 1-2% of all RGCs. The mRGCs convey information to the brain through a monosynaptic neuronal pathway, known as the retinohypothalamic tract, which projects to the suprachiasmatic nucleus (Fig. 1) . The role of mRGCs in different diseases has been investigated. A loss of mRGCs is associated with older age, as well as with diseases such as glaucoma. In this review, we outlined the latest findings on the new class of photoreceptors and their role in Alzheimer's disease pathology (12, 13) .
Alzheimer's disease epidemiology
There are approximately 5 million individuals in the United States living with Alzheimer's disease, which is the fifth leading cause of mortality in the elderly population (14) . Women are more likely to experience Alzheimer's disease, which may be due to longer life spans. The primary risk factor for developing Alzheimer's disease is age. Over 95% of the causes of Alzheimer's disease affect those over the age of 65 years. The prevalence of Alzheimer's disease is 10-30% in patients aged >65 years. The likelihood of developing Alzheimer's disease doubles every 5 years after the age of 65. Individuals with familiar forms of Alzheimer's disease have an autosomal dominant mutation in one of the presenilin genes or the amyloid precursor protein (APP) gene. Other factors that may lead to Alzheimer's disease pathology are diabetes, hypertension, obesity, smoking and the presence of Alzheimer's disease in first-degree relatives (15).
Alzheimer's disease pathology
The mechanism for Alzheimer's disease pathology that is most widely accepted is the amyloid cascade hypothesis. Under normal conditions, the enzyme α-secretase cleaves APP correctly, which allows the APP protein to fulfill its function (16) . APP usually responds to cell injury. The amyloid cascade hypothesis states that under pathological conditions, APP is incorrectly cleaved by β-and γ-secretase. Incorrect processing of the APP gene causes the production of a modified version of β-amyloid peptides, which leads to the formation of β-amyloid extracellular deposits (17) . These plaques are generated in the brain parenchyma and in cerebral blood vessels. The β-amyloid plaques attract astrocytes and microglia, which lead to the production of proinflammatory cytokines such as interleukin-1β, tumor necrosis factor-α, and interferon-γ (17) .
Another important component of Alzheimer's disease pathology is the neurofibrillary tangles, which are composed of hyperphosphorylated τ proteins (18) . Under normal conditions, τ proteins are involved as the components of microtubules, which aid in the transportation of cell objects to the end of axons. Therefore, it is likely that neurofibrillary tangles interfere with axonal transport, which is necessary for proper neuronal function, such as the transport of synaptic vesicles with neurotransmitters (19).
Melanopsin-expressing RGCs
mRGCs were identified when it was observed that mice with extensive degeneration of rods and cones were able to conduct normal circadian rhythms. Both blind and control subjects were found to have a light-induced melatonin suppression response, which suggested the presence of a different light perception system (12, 13, 20) .
The mRGCs, through the retinohypothalamic tract, regulate the non-vision forming functions of the eye such as circadian rhythms, pupil regulation, melatonin expression, cognition and sleep. mRGCs are intrinsically photosensitive due to the production of melanopsin even when there is no other retinal input. Melanopsin is a photopigment, which allows mRGCs to restore their chromophore, which is similar to the photoreceptors of plants. Thus, mRGCs absorb and process light as they are maximally sensitive to short-wavelength blue light. The mRGCs are also involved in developing the retina as these cells start functioning at day 0 post-birth. Besides sending messages to the suprachiasmatic nucleus, mRGCs also innervate to areas of the brain that are important to vision such as the locus coeruleus, lateral geniculate nucleus and superior colliculus (12, 21) .
The mRGCs in visual defects
Blind subjects, in clinical trials, were found to have a preserved mRGCs-retinohypothalamic tract-suprachiasmatic nucleus circuit (22) . As long as there is light perception present in blind subjects, this circuit is established. However, when the light perception is no longer present, the circuit disintegrates and the circadian rhythm is disturbed. The circadian rhythm is associated with the severity of the ocular disease, which affects the outer retina spare the mRGCs (23) .
Certain disorders, including neurodegenerative optic neuropathies such as Leber hereditary optic neuropathy (LHON) and dominant optic atrophy (DOA), lead to the loss of RGCs. It was found that the subpopulations of mRGCs were resistant to neurodegeneration in these neuropathies while other RGCs were not resistant. Therefore, in patients with LHON and DOA, the circadian rhythm was preserved (24) .
Glaucoma is another optic neuropathy that is characterized by loss of RGCs, leading to optic atrophy and blindness. The loss of mRGCs in animal models, due to glaucoma, leads to impairment of the circadian rhythms. In humans, glaucoma was found to correlate with the abnormal circadian rhythm of melatonin secretion and light-induced melatonin suppression in glaucoma patients. However, the pupillary light reflex is compromised in glaucoma patients. Therefore, the role of mRGCs in glaucoma has not been fully investigated and requires further clarification (25).
Role of mRGCs in migraines
Noseda et al (25) investigated the contribution of mRGCs to photophobia in migraines. Blind subjects with light perception maintain photophobia during migraines while blind subjects without light perception do not exhibit photophobia. The authors of that study found that mRGCs provided signals to the posterior thalamus, leading to mediation of photophobia in migraines (25) . This is a major non-vision forming system of retina. The contribution of mRGCs to photophobia has also been documented in rodless and coneless mice (25).
Role of mRGCs in aging
Sleep is normally affected in the aging process due to abnormal homeostatic regulation. These changes are expressed as impaired non-rapid eye movement sleep by a decrease in slow wave activity, increased awakenings during the night and/or from circadian rhythm dysfunction. In addition, the elderly experience a decrease in the amplitude of circadian rhythms such as melatonin secretion, cortisol secretion and core body temperature. The phase advance of circadian rhythms, especially the sleep-wake cycle, and a decrease in circadian period was also observed in the elderly (26, 27) .
There are various factors associated with the circadian dys function in the elderly. One of these factors includes neurodegenerative changes in the suprachiasmatic nucleus, such as a decrease in vasopressin and vasoactive intestinal peptide-expressing neurons. Another factor includes alterations in the pineal gland, which causes a decrease in the amplitude of the melatonin rhythm and expression of melatonin receptors. Another factor contributing to circadian dysfunction in the elderly is a decrease in light input to the suprachiasmatic nucleus due to a reduction in the capacity of the semicataractous lens to transmit short wavelength light (28) . Other factors include degenerative changes in the retina and optic nerve with aging (29) .
La Morgia et al (30) investigated the post-mortem retinal specimens in subjects that were in their mid-fifties and 1 subject that was >80 years. It was found that mRGCs, and regular RGCs, are lost with age. The mRGCs are distributed around the fovea and despite the loss in mRGCs, this distribution is maintained with age. Notably, while mRGCs are lost and impaired in the elderly, they remain robust and unaffected in optic neuropathies (29, 30) . (29) demonstrated a greater loss of mRGCs in Alzheimer's disease patients when compared to age-matched control patients. In addition, the remaining mRGCs that were still present in Alzheimer's disease patients presented morphological abnormalities, such as a reduction in dendritic diameter, which suggests functional impairment. Of note, Alzheimer's disease patients have a normal RGC count, but a significant decrease in mRGC count, which suggests that mRGCs are specifically modified in Alzheimer's disease. Furthermore, β-amyloid deposits were found post-mortem in Alzheimer's disease retinas, and they were found to specifically affect mRGCs (29) .
Role of mRGCs in Alzheimer's disease patients

La Morgia et al
Axonal loss and preferential loss of fibers in the superior quadrant has been documented in Alzheimer's disease patients. The superior quadrant contains the largest fibers of the optic nerve and postmortem studies of the Alzheimer's brain showed a loss of the larger axons with β-amyloid deposits. Axonal loss and pathology of the superior quadrant was similar to that of glaucoma and thus, Alzheimer's disease-induced optic neuropathy is similar to glaucoma (27).
Changes in circadian rhythms in Alzheimer's disease patients
Although there is a definite loss of mRCGs in Alzheimer's disease patients, the circadian rest-activity assessment is variable among the patients. This is most likely due to the pathology of Alzheimer's disease, which causes variable severity of the circadian rhythms in the patients. Although there were no significant differences between the circadian parameters of Alzheimer's disease and control patients, there was one subgroup of patients that had significantly different values (27) . In addition, Alzheimer's disease patients were less active during the day and more active at night, suggesting a disturbance in circadian rhythms. The lack of difference in circadian values between Alzheimer's patients and control subjects may be due to the inclusion of mild-moderate Alzheimer's cases (5) .
Other studies that have investigated at circadian patterns in Alzheimer's disease patients have found a correlation between severity of dementia and severity of circadian dysfunction. This change in results may be due to the inclusion of only moderate and severe cases. Across the board, Alzheimer's disease patients demonstrate decreased sleep efficiency and slow wave sleep amount, even in the mild cases (31) .
In a follow-up study of Alzheimer's patients, Hatfield et al (5) showed that the circadian pattern, unlike cognition, did not deteriorate over time. This investigation demonstrated that cognitive and circadian decrease most likely do not progress at the same rate in individuals with Alzheimer's disease. However, the two were found to be correlated with each other and therefore, significant circadian dysfunction at the early stage of dementia can be used as a predictive factor of poor outcome in Alzheimer's disease patients.
When the Alzheimer's disease and age-matched control retinas examined at postmortem, the studies demonstrated that, not only was there total RGC loss, which correlated with aging, but there was also mRGC loss, which was specific to patients with Alzheimer's disease. In fact, younger Alzheimer's disease patients that had normal RGC count also demonstrated a significant loss in mRGCs. Therefore, in Alzheimer's disease, the mRGC subpopulation is sensitive to Alzheimer's disease neuropathological mechanisms (30) .
A recent study (30) demonstrated that hyperphosphorylated τ deposits were present in the retinas of Alzheimer's disease patients. The β-amyloid deposits were also found inside and around mRGCs, which shows that mRGCs are primary retinal cells that are affected in Alzheimer's disease. An explanation for the specific loss of mRGCs may be retrograde axonal degeneration, which directs the pathology of suprachiasmatic nucleus. Alzheimer's disease neuropathology leads to neuronal loss in the suprachiasmatic nucleus and in the hypothalamic ventrolateral preoptic nucleus, the latter of which is correlated with sleep fragmentation. The considerable loss of mRGCs and the abnormality of the remaining mRGCs, in combination with the hypothalamic pathology in Alzheimer's disease, may contribute to sleep abnormality and circadian rhythm dysfunction (12, 26) .
Conclusion
Alzheimer's disease pathogenesis establishes itself in not just cerebral blood vessels as well as optic vessels. Recent studies (12, 13, 27 ) linking Alzheimer's disease to a new class of cells known as mRCGs has led to a new pathology for the loss of the circadian rhythm in patients with Alzheimer's disease. The hallmarks of Alzheimer's disease, which are β-amyloid deposits and neurofibrillary tangles, are present in the retinas of those with the disease. In addition, circadian dysfunction at early stage Alzheimer's disease was found to be a predictive factor for prognosis in Alzheimer's disease. More studies are required to determine the mechanism behind the loss of the circadian rhythm in Alzheimer's disease.
